The effects of endocrine disruption caused by a wide variety of anthropogenic and natural chemicals in the environment have been studied with respect to interaction with natural hormone system. In this way, endocrine disrupting chemicals (EDCs) were suspected of influencing the reproductive system of wild life and humans.
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Therefore, the investigations relating to EDCs were carried out in Strategic Programs on Environmental Endocrine Disrupters'98 as reported by Japan Environment Agency in 1998. Results show that most of the chemicals surveyed have no effect of endocrine disruption, at least in regard to humans. Estrogens of natural female hormone, however, are liable to cause breast cancer, testicular and colorectal cancer, hypospadias, and cryptorchidism. [2] [3] [4] [5] In the 1980s, a number of androgynous roaches were found in some rivers of UK and their existence was attributed to estrogenic activity. 6 The main components for this activity are suspected to be 17β-estradiol (E2) and estrone (E1) from humans and animals as well as alkylphenol in waste water from wool industries. Among the various estrogens, E2 shows the strongest estrogenic activity. The affinity of E2 for the estrogen receptor is ca. 10 3 -10 4 times higher than those of EDCs, such as DDT, alkylphenol, and phthalate ester. Hence, even a low concentration of E2 is capable of disrupting the normal hormone system of animals. [7] [8] [9] Therefore, the concentration of E2 in water environment needs to be accurately monitored for a long period.
Many analytical methods have been developed for E2 determination. GC/MS, [10] [11] [12] LC/MS 12, 13 and LC/MS/MS 12, 14 are among the most reliable methods for the determination of estrogens at very low concentration although they may be slightly inferior in terms of sensitivity as compared with an immunoassay, and the instruments are very expensive. On the other hand, enzyme immunoassays are able to sensitively and selectively measure estrogens and can treat a great number of samples at the same time. Moreover, the enzyme-linked immunosorbent assay (ELISA) does not require any harmful material, such as the radioactive isotopes used in radio immunoassay (RIA). ELISA has been widely developed for the past two decades in the fields of clinical and environmental analysis. In spite of the long history and many achievements, few applications of ELISA to the determination of E2 in environmental samples have been reported. 15, 16 In ELISA, the choice of tracer ligand is very important, because it determines the sensitivity and the selectivity. Until now, a lot of ligands labeled with a chromophore and an enzyme were developed. However, labeling with a large size molecule such as an enzyme occasionally changes the physical and chemical properties of the ligand, and gives rise to variations in the specificity and activity. 17 The interaction between avidin and biotin is well known as one of the strongest non-covalent biological interactions (association constant: 10 15 M -1 ). It has been used in various fields as an excellent crosslinker, because the binding activity of biotin for avidin is not much influenced by any extensive chemical modifications with enzyme or antibody. Thus, we expect that the application of A sensitive and simple immunoassay to determine 17β-estradiol (E2) in fresh water was developed. The method is based on a solid-phase avidin-biotin binding assay and solid phase extraction. The binding event of E2 to the antibody is detected indirectly by the competitive reaction between E2 and biotinylated estradiol (BE) as a tracer for the limited binding sites of antibodies immobilized onto the wall of a microtiter plate. Namely, E2 concentrations are determined from the strong interaction between BE and avidin conjugated with horseradish peroxidase (avidin-HRP). In order to achieve a sensitive measurement for the binding of BE to the antibody immobilized on the microtiter plate substrate, QuantaBlu fluorogenic peroxidase substrate (QFPS) was employed. The detection limit and the linear range of E2 determination were 27 pM and 27 -7480 pM, respectively. The relative standard deviations (RSD) for the E2 assay were between 0.3 and 12.0% (n = 3). The cross-reactivities of several other estrogens in this assay system were also investigated. No serious influences from any cross-reaction caused by other estrogens tested in this experiment were observed. The determination of E2 in water samples from eight rivers and a marsh in Hokkaido was performed by the immunoassay combined with solid phase extraction. It was found that the concentration of E2 was in the range between 0.06 and 67 pM. avidin-biotin system to ELISA using a biotinylated ligand as a tracer can reduce matrix effects and can consequently improve the sensitivity. In fact, the detection limit of the assays using E2 directly conjugated with enzyme such as penicillinase 18 and horseradish peroxidase 19 were not as low as we expected.
In this study, a sensitive and simple enzyme immunoassay that enables daily monitoring of E2 in fresh water samples has been developed. The detection method in this ELISA is based on a solid-phase avidin-biotin binding assay. ELISA using biotinylated estradiol (BE) as a tracer ligand was first reported by Mares et al. in 1995 ; it was applied to measure E2 in plasma by means of spectrophotometry. 17 However, their method has an insufficient sensitivity to measure E2 in environment. Therefore we tried to enhance the sensitivity of the ELISA using BE by adopting a detection system using a fluorometric substrate. Moreover, in order to apply this assay to the determination of E2 in actual environmental samples, we attempted to combine the assay with the concentration process of E2 by solid phase extraction (SPE). The measuring conditions for the ELISA was optimized by changing the spacer length in BE between estradiol and biotin portion, BE concentrations, and the amount of antibody immobilized on the wells of microtiter plates. The cross-reactivities of several other estrogens in this assay system were also evaluated. The developed ELISA was applied to measure E2 in eight rivers and one marsh water system.
Experimental

Apparatus
The measurements of fluorescent intensity were performed using Fluoroscan Ascent FL Thermo Labsystems (ThermoBioAanalysis Japan, Tokyo, Japan) with 320 nm excitation filter and 405 nm emission filter. The spectrum of the biotinylated estradiol was measured using a V-550 UV/VIS spectrophotometer (Jasco Co., Japan). The measurement of pH was carried out using a Horiba pH meter M-13.
Reagents
Albumin from bovine serum (BSA), 17β-estradiol (E2), estrone (E1), 17α-estradiol, and diethylstilbestrol (DES) were purchased from Wako Pure Chem. Co. (Osaka, Japan). Biotin
, and estriol (E3) were purchased from Sigma Chem.
Co. (MO, USA).
Biotinyl-3,6-dioxaoctannediamine (biotin-PEO-amine), avidin-horseradish peroxidase conjugated (avidin-HRP, 2 mol of peroxidase per mol of avidin), and QuantaBlu fluorogenic peroxidase substrate (QFPS) were obtained from Pierce Rockford (IL, USA). p-Nonylphenol (p-NP) was purchased from Kanto Chem. Co. (Tokyo, Japan). Mouse anti-estradiol (6-BSA) monoclonal antibody (anti-E2 antibody) was provided by Cosmo Bio. Co. (Tokyo, Japan). Phosphate buffer solution (PBS) of pH 7.4 was prepared with 0.1 M KH2PO4 and 0.1 M NaOH and includes 0.1 M NaCl. All chemicals were prepared from analytical grade reagents and all solutions were prepared using deionized water purified with a Millipore Milli-Q system.
Preparation of biotinylated estradiol
3,17β-Dihydroxy-1,3,5,(10)-estratriene-6α-amine (6α-amino-E2) was synthesized according to the procedure reported by Tiefenauer et al. 20 Firstly, E2 was acetylated with acetic acid anhydride in pyridine containing dimethylaminopyridine, and this combination oxidized the 6-position of E2 with Cr(VI)-trioxide to produce 3,17β-diacetoxy-1,3,5,(10)-estratriene-6-one (I). The carbonyl group of the compound (I) was converted into amino group with ammonium acetate and sodium cyanoborohydride to synthesize 3,17β-diacetoxy-1,3,5,(10)-estratriene-6-amine (II). Finally, the compound (II) was dissolved in absolute ethanol and the two protective acetate groups were hydrolyzed by sodium hydroxide to obtain 6α-amino-E2. Two BEs having spacers of different lengths were prepared as follows. The BE having a shorter spacer (BE-S) was prepared by mixing 2 mM 6α-amino-E2 and 2 mM NHS-biotin in 0.1 M phosphate buffer (pH 6.5)-DMF (7:3 v/v%) and stirring overnight at 4˚C. The BE having a longer spacer (BE-L) was prepared by mixing 1 mM 6-keto-E2, 1 mM biotin-PEO-amine, 5 mM NHS, and 5 mM EDC in CH2Cl2 and stirring overnight at 4˚C. These products were separated from unreacted materials and by-products by thin-layer chromatography (silica gel 60 F254 alumina sheet, Merck). The developing solvent for thin-layer chromatography was the mixture of chloroform + methanol (8:2 v/v %). After developing, the portion of the silica gel that had adsorbed BE was stripped from the thin-layer sheet and BE was extracted into ethanol. The solution was centrifuged and filtered (pore size: 0.2 µm; Toyo Roshi, Tokyo, Japan) to remove residues of silica gel. After evaporating the solvent, the residue was dissolved in water. The concentration of BE-S and BE-L was determined by comparing the absorbance of the ligands at 200 and 210 nm with that of estradiol, respectively. The structures of BE-S and BE-L are shown in Fig. 1 .
Preparation of antibody-immobilized microtiter plate (antibodyplate)
Two hundred microliters of 0.1 µg/ml E2 antibody in PBS were put into each well of a 96-well microtiter plate (Iwaki Tissue Culture Wave, Japan), followed by incubating for overnight at 4˚C. After the microtiter plate was washed three times with PBS containing 0.1% BSA (0.1% PBS-B), 200 µl of PBS containing 1% BSA (1% PBS-B) was added in each well and the plate was incubated for 3 h at room temperature in order to exclude the remaining hydrophobic binding sites. Prior to use, the plate was washed three times with 0.1% PBS-B.
Procedure for enzyme immunoassay using the antibody-plate
Two hundred microliters of sample or standard E2 solution in 0.1% PBS-B was added to each well of an antibody-plate and the plate was incubated for 30 min at room temperature. After 220 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 Fig. 1 The structures of biotinylated estradiol (BE).
the plate was washed three times with 0.1% PBS-B, 200 µl of 1 nM BE-S or BE-L was added; the material was incubated for 30 min at room temperature and then the plate was washed three times with 0.1% PBS-B. One hundred fifty microliters of 0.1% PBS-B and 50 µl of 0.1 µg/ml avidin-HRP were added into the well and the plate was incubated for 20 min at 4˚C. Free avidin-HRP in the well was removed by washing for five times with PBS before 100 µl of QFPS solution and 50 µl of 0.05% H2O2 were added and incubated for 30 min at room temperature. The reaction was stopped by adding 50 µl of QuantaBlu stop solution. The fluorescent intensity of the solution was measured (320 nm for excitation, 405 nm for emission).
Sample preparation
River water samples were collected from Toyohira, Sohsei, Barato, Fushiko, Tsukisamu, Motsukisamu River, the junction of Motsukisamu and Tsukisamu River, and the junction of Motsukisamu and Toyohira river in April 2004. Marsh water sample was also collected from Moere marsh in April 2004. E2 was extracted from the environmental water samples fundamentally according to the "investigative provisional manual for exogenous endocrine disrupting chemicals" proposed by the Environment Agency of Japan. 21 The details of the procedures are as follows: The vials with a stopper to collect the river sample were previously washed with, in turn, detergent, water, 1 M HCl-methanol, water and acetone, and then the vials were preserved at a cool dark place. After sampling, 500 ml of sample solution was exactly taken and filtered through glass filter (GB-140: pore size, 0.4 µm; Advantec, Tokyo). In order to extract E2 from suspended substances (SS) trapped on the filter, SS was washed with 10 ml of 1 M acetate buffer (pH 5.0)-methanol solution (1:9 v/v%). The methanol solution was added into the filtrated solution and the two were homogeneously mixed. The mixed solution went through into the octadecylsilane solid phase extraction (C-18, SPE) cartridge (Varian, USA) after conditioning with 10 ml of methanol and 20 ml of water. Then the cartridge was washed with 5 ml of water and 5 ml of hexane. Elution of E2 from the cartridge was carried out with 5 ml of dichloromethane. The elution was evaporated under a stream of N2 gas at 40˚C. One milliliters of 1 M HCl-methanol solution was added to the residue and the material was heated in sealed conditions for 20 min at 80˚C. After cooling, the solution was again evaporated under a stream of N2 gas at 40˚C. Finally, 0.1 ml of methanol and a drop of 1 M triethylamine methanol solution were added to the residue and it was completely evaporated under a stream of N2 gas at 40˚C. The residue was dissolved in 1 ml of 0.1% PBS-B and preserved at 4˚C. The recovery of E2 by the method was estimated by adding 1 ml of 1 pM E2 solution into the filtered 1 liter of sample solution.
Results and Discussion
Optimization of the enzyme immunoassay using biotinylated estradiol
At first, two BEs with spacers of different lengths were tested as a tracer ligand for the fluorometric enzyme immunoassay system. Figure 2 shows the changes in the fluorescence intensity obtained from enzymatic reaction of avidin-HRP, which is immobilized on the antibody-plate through the binding with the BEs bound with the antibody on the plate. In the case of BE-L (curve a), the fluorometric response due to the binding between avidin-HRP and antibody via BE-L increased significantly with increasing concentration of BE-L and then decreased after the maximum response at 1 nM. The decrease in fluorescent intensity is thought to be an example of a "hook effect"; that is, when the ligands exist in large excess, the ligands cannot bind strongly with the binding sites of antibody due to the solid geometric structure, and therefore the ligands were eliminated during the washing process. 22 When the similar measurements were performed using a BSA coated plate (BSAplate), which was prepared by incubating with 1% BSA solution for 3 h at room temperature instead of the antibody solution, very little fluorometric response was observed in this case (curve c). Therefore, it was confirmed that the fluorometric response of the curve a is caused by the specific binding of the antibody-plate/BE-L/avidin-HRP. On the other hand, the use of BE-S did not give the sufficient fluorometric response on either the BSA-plate or the antibody-plates. This may be explained by the unsuccessful binding between BE-S and antibody because of a short spacer in BE-S, that is, when BE-S bound with the antibody, the biotin portion in BE-S is unable to reach the binding sites in avidin-HRP, which is 9 Å below the surface of the avidin molecule. 23 Therefore, all the following experiments were carried out using BE-L.
Several antibody-plates, which were prepared by incubating with different concentrations of antibody solution, were tested in this assay system. Figure 3 shows the fluorometric response as a function of the concentrations of BE-L using the four antibody-plates. When the antibody-plate prepared from 0.01 µg/ml antibody solution was used, no fluorescence response was observed (curve d). In the case of the antibody-plate prepared from 0.1 and 1 µg/ml antibody solution, the maximum fluorometric responses were obtained at 1 and 10 nM BE-L, respectively (curve c, b). The similar responses to the curve b were obtained from the antibody-plate made by 10 µg/ml (curve a). By incubating such a 1 µg/ml antibody solution, one can immobilize a constant amount of antibody on a well. The detection of E2 in the basis on the competition binding of BE-L and E2 with the limited binding sites of the antibody was demonstrated using the antibody-plates with the 0.1 and 1 µg/ml antibody solutions. The relationship between the concentration of E2 and the fluorescence intensity is shown in Fig. 4 . IC50s values estimated from curve (b) and (a) were 0.30 and 2.6 nM, respectively. The sensitivity of the detection for E2 increased about ten times by using the antibody-plate prepared from a lower concentration of antibody solution (0.1 µg/ml), although 221 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 the fluorescence intensity decreased about 25% compared with the case of 1 µg/ml antibody incubated plate. The detection limit for E2 defined as the concentration that corresponds to three times of the deviation was 27 pM. The detection range was from 27 to 7480 pM.
Cross-reactivity of other estrogens in this immunoassay system
The cross-reaction caused by nonspecific antigen species for the antibody sometimes prevents an accurate determination of the analyte in an immunoassay. E1 and E3 are also natural female estrogens along with E2, and it was reported that the relative level of E1 in river water was in the range of 4 to 20 times of E2 and that of E3 was almost the same as that of E2. 24, 25 DES was often used as a synthesis non-steroid estrogen for medical treatments from 1938 to the 1970s. P-Nonylphenol originates in plastic products, industrial detergents and insecticides. These two chemicals are also known to indicate the estrogen activity. 26 Therefore, the cross reactivity of these compounds were investigated in this immunoassay system. When these compounds were incubated with 1 nM BE-L, the cross-reactivities were calculated from; (IC50 of E2/IC50 of test compound) × 100. These cross-reactivities in this enzyme immunoassay are summarized in Table 1 . The affinities of E2 derivatives, i.e., 6-keto-E2 and 6α-amino-E2, for the antibody were estimated to be similar to that of E2 in this assay system. Although a slight binding of E1 for the antibody was observed (the cross reactivity: 0.004%), the fluorometric response changes caused by the competition with the other tested compounds were within the error range of this assays. Therefore, the presence of any other estrogens except E2 derivatives tested in this experiment does not affect the determination of E2.
Determination of E2 in river water
E2 in mammalian feces is known to be in free form, while E2 excreted into urea are commonly conjugated with sulfuric acid or glucuronic acid. The conjugated forms of E2 indicate much weaker activity in binding with the antibody than that of free form. 27 In order to detect the total amount of E2 in water samples by the immunoassay, the conjugated forms of E2 should be converted to the free form. Thus, the river water samples was treated with 1 M HCl-methanol and heated at 80˚C for 20 min in the process of sample preparation. This hydrolysis step for the conjugates is carried out in order to recover the conjugated form of E2 as free form.
Since the concentration of E2 in the practical sample is very low, some enriching process is required before the immunoassay procedure.
In this study, the solid-phase extraction (SPE) was employed. Dichloromethane was chosen as the extraction solvent for the SPE in this study, although ethyl acetate-methanol solution (5:1, v/v%) was recommended in the SPE-ELISA procedure for E2 determination by Environment Agency of Japan in 1999. Dichloromethane is more suitable to extract E2 from a solid-phase cartridge after accumulation of river water samples, because the small polarity limits to release the substances that have the possibility of cross reactivity and interference. In fact, it was reported that the results of E2 determined by means of SPE-ELISA using dichloromethane as the extraction solvent showed a good correlation with that determined by means of LC-MS/MS method. 28 The analyzed result of E2 in river waters, the RSD and the recovery of E2 are shown in Table 2 . The RSD and the recovery for the measurement values of E2 were 0.3 -12.0%, and 90 -120%, respectively. These results show that this assay is sensitive and reliable enough to determine E2 in river water. Among the determination values obtained in this study, the concentration of E2 in Motsukisamu River, which receives water released from a sewage plant, was the highest. This was probably caused by the fact that E2 derived from the excretion of humans and animals is released in the river water via the Fig. 3 The changes in the fluorometric response obtained from different concentrations of BE-L using four specified antibody-plates prepared using (a) 10 µg/ml, (b) 1 µg/ml, (c) 0.1 µg/ml, (d) 0.01 µg/ml antibody. Fig. 4 The detection responses of E2 using the antibody-plate prepared using (a) 0.1 µg/ml and (b) 1 µg/ml antibody solution. The measurements were carried after various concentration of E2 and (a)sewage plant, because estrogens can not be completely removed in the present sewage plant, whose main purpose is to eliminate biological oxygen demand (BOD) and suspended substance (SS) and to disinfect the water. The concentration of E2 in the junction of Motsukisamu and Tsukisamu River, about one kilometer downstream from Motsukisamu River, was still higher than that of other river water samples, and the value in the junction of Tsukisamu and Toyohira River, about furthermore one kilometer downstream from there, was much lower than the value in former junction. It is thought that the concentration of E2 is diluted with plenty of water from the Toyohira River. E2 was detected in the range from 0.1 to 8.0 pM in the other river and E2 in the Moere marsh was below the detection limit. The determination values of E2 of the four rivers in this study matched well with the previously reported values by GC-MS or ELISA, as shown in Table 2 . E2 concentrations in river are influenced by water conditions, such as temperature, rainfall, BOD, and concentrations of suspended solid, ammonia, and dissolved oxygen. 29 In order to investigate the effect of E2 on environment in detail, daily observation of E2 concentration in hydrosphere is required. The ELISA developed in this study has the possibility to be applied for this purpose.
Conclusion
A sensitive and simple immunoassay for E2 was developed with a solid-phase avidin-biotin binding assay using BE as tracer by means of fluorometric measurement. The detection limit and the linear range of E2 determination were 27 pM and 27 -7480 pM, respectively. The RSD for the E2 assay are between 0.3 and 12.0% (n = 3). The cross-reactivities of several other estrogens were low enough to guarantee the accurate determination of E2. The developed assay was successfully applied to determine E2 in water samples from eight rivers and a marsh in Hokkaido; the concentrations were in the range between 0.06 and 67 pM. 
